Baseline (Unstressed) GFR
GFR is the most widely used indicator of kidney function in healthy subjects or patients with renal disease worldwide. GFR gives a rough measure of the number of functioning nephrons as it represents the sum of the filtration rates in all of them. While we can statistically identify average values for the healthy subject population, there is no such concept of normal GFR in the single individual. In fact, baseline GFR (measured in basal conditions or unstressed GFR) represents a value recorded under average dietary and hemodynamic conditions. Baseline GFR values also depend on age, sex, and body size, and are approximately 120 and 110 ml/min/1.73 m 2 for men and women, respectively, with considerable variation even among normal individuals [1] . GFR is remarkably stable over years, although it may change from day to day. There is an age-related decline in GFR physiologically by 0.8 ml/min/1.73 m 2 /year, after the age of 30 years [2] [3] [4] . It was found that the rates of decline in GFR were lower in healthy males than healthy females [5] ; however, in chronic kidney disease (CKD), these rates are similar [5] . Since serum creatinine and GFR remain normal even in the presence of kidney damage until 50% of nephrons are lost [6] , baseline GFR can neither be considered a sensitive index for early detection of renal disease nor as an appropriate marker to follow up patients with renal disease. Instead, a stress test capable of exploiting the entire filtration capacity of the kidneys would probably be a more significant parameter to consider when subclinical damage is present and creatinine is still normal. This leads to the concept of RFR and its measurement as a 'stress test' for the kidney.
Stress GFR and RFR
In 1983, Bosch et al. [7] described the short-and longterm effects of protein intake on GFR by comparing normal individuals who were given either a vegetarian or high-protein diet, showing that a high-protein intake leads to a significant increase in GFR ( table 1 ) . Normal subjects display a significant increase in GFR 1 or 2 h after an acute protein load (1-1.2 g/kg) independently of their baseline GFR. The difference between peak or 'stress' GFR and baseline GFR describes the RFR. In 1993, Fliser et al. [8] compared the baseline and stress GFR in young and elderly healthy subjects and found that RFR was significantly lower in elderly than in young healthy individuals, but virtually all baseline GFR values of the elderly were within the normal range. In 1988, Ronco et al. [9] demonstrated differences in the GFR under baseline conditions and after acute protein load in normal and pregnant women at different stages of pregnancy without any evidence of renal disease. After acute protein load, all subjects showed a significant increase in GFR, although the difference between baseline and stress GFR values was higher in the first than in the last trimester. There was a physiological increase in baseline GFR from the first to the last trimester, which suggests a stage of physiological hyperfiltration in pregnancy. The physiologic increase in GFR during pregnancy normally results in a decrease in the concentration of serum creatinine, which falls to an average of 0.4-0.8 mg/dl [10] . Hence, a creatinine of 1 mg/dl -although normal in nonpregnant women -may reflect a renal impairment in pregnancy according to creatinine-based GFR estimation.
RFR describes the capacity of the kidney to increase GFR under certain stimuli or demands. This reserve may be considered analogous to the cardiac functional reserve (as seen in cardiac stress tests). When physiological demand increases, the heart responds with an increase in cardiac output. Conceptually, the capacity to increase GFR during stress can alter the results of renal function studies. Thus, in physiological (e.g. pregnancy [11] , RFR allows to increase GFR of residual nephrons, replacing the lost function and maintaining the whole-organ GFR. Only when residual nephrons can no longer compensate for the functional loss will the changes in baseline GFR and serum creatinine occur [8] ( fig. 1 ). On the other hand, a patient with renal disease placed on low-protein diet may have a reduction in baseline GFR unrelated to the progression of renal disease and partially restore RFR.
Methods for the Estimation of RFR and Mechanisms of the Stress Test
Several workers have described the basis of RFR after a protein load and estimation of the RFR from baseline GFR and stress GFR. In 1983, Bosch et al. [7] described the execution of renal stress tests by oral intake of 80 g of protein, and used baseline and stress GFR to estimate the RFR value. In 1991, De Nicola [11] executed a renal stress test to estimate RFR in treated and untreated hypertensive patients using amino acid infusion.
Numerous mechanisms have been hypothesized for the increase in GFR after protein load. Woods [12] proposed that the digested proteins raise plasma amino acids, which are filtered by the glomerulus and stimulate proximal tubular absorption. This and the change in the sensitivity of macula densa-sensing mechanisms cause the release of endothelium-derived relaxation factor (nitric oxide) and prostaglandins locally, causing vasodilation and increased blood flow and GFR. Also, a possible role of glucagon has been advocated. In our own laboratory, we analyzed the response to acute protein loading and we detected an increase in GFR proportional to an increase in renal blood flow indicating a constancy of filtration fraction. This observation seems to support the hypothesis that an overall increase in blood flow is the main mechanism rather than a temporary hemodynamic perturbation in the afferent/efferent arteriolar tone [unpubl. data].
RFR in Disparate Clinical Settings
There are several clinical conditions and settings where RFR is reduced either because of kidney damage or because of a physiological demand of RFR utilization ( fig. 2 ) .
Pregnancy
Pregnancy is a physiological state of hyperfiltration. GFR significantly changes during each trimester, and as such there is a significant rise in baseline GFR from the first to the last trimester. Studies done on normal pregnant women in all trimesters have shown a progressive increase in baseline GFR with a parallel reduction in RFR due to its progressive utilization. Peak GFR in normal pregnant women, however, does not change [9] . RFR measured before a pregnancy may be useful to predict and prognosticate complications in the third trimester, when the physiological demand is very high.
Pathological Hyperfiltration States
Various diseases have been associated with glomerular hyperfiltration, including diabetes mellitus, polycystic kidney disease, secondary focal segmental glomerulosclerosis with reduction in renal mass, sickle cell anemia, high-altitude renal syndrome, obesity, hypertension, or the nephrotic syndrome. Glomerular hyperfiltration may present differently in such clinical conditions. In diabetes and hypertension, for example, renal mass may be intact and baseline GFR results above normal because of efferential vasoconstriction. Hyperfiltration can also occur in residual nephrons when kidney damage has occurred and renal mass is decreased. In case of kidney damage with up Fig. 1 . RFR is the difference between the stress (peak) GFR achieved by stimulation and the baseline GFR. RFR identifies the capacity of the kidney to compensate or increase its function in states of demand or disease. Peak GFR can reach up to 180 ml/min in case of an intact nephron mass. It is reduced to approximately 120 ml/ min in case of a solitary kidney (50% of nephron mass). In both cases, baseline GFR can result normal, but while RFR is intact in the 1st case, it is virtually zero in the 2nd case. to 50% of functioning tissue, hyperfiltration in the remnant nephrons is the compensatory mechanism that ensures that GFR remains within the normal range. While in physiological states hyperfiltration is likely due to recruitment of more nephron units, in pathological states, hyperfiltration is probably due to an increase in single nephron filtration fraction. This is demonstrated by a drop in GFR when angiotensin-converting enzyme inhibitors are given to patients with CKD and kidney damage. No single definition of glomerular hyperfiltration has been agreed upon, and the pathophysiological mechanisms, which are likely to vary with the underlying disease, are not well explored. However, in pathological conditions, glomerular hyperfiltration seems likely due to a hemodynamic modification of the afferent/efferent arteriolar tone. In some cases, proteinuria may be a consequence of this mechanism.
Cardiorenal Patients
Cardiorenal syndrome type II is a well-known cause of CKD by various mechanisms like chronic hypoperfusion, necrosis, apoptosis, sclerosis, or fibrosis, but baseline GFR can remain normal for a long time due to utilization of RFR. These patients may be at risk of complications in Fig. 3 . AKI or kidney attack may damage a variable number of nephrons. In a subject with intact RFR, up to 50% of the nephrons can be damaged without any clinical evidence of baseline GFR reduction or increase in serum creatinine (sCr). This remains in the subclinical domain. When further damage occurs, the syndrome will become clinically manifest. Kidney Donors RFR assessment can be of particular utility in determining the status of the kidneys in potential living kidney donors. Several studies controlled long-term outcomes of donors related to their RFR before donation [13] . Furthermore, a lack of RFR detected before donation may suggest to search for a more suitable donor to minimize the risks to recipient and donor.
RFR and AKI: Susceptibility Index and Recovery Metrics
Estimated GFR (eGFR) reflects a derived valued of GFR assuming that the patient is in a steady state. For this reason, eGFR is not an adequate tool to determine functional variations in AKI. However, eGFR may represent a baseline value for subsequent evaluations when the patient is followed for weeks or months. Creatinine increase due to functional changes is inherently delayed, since the kidneys have the innate ability to maintain the function by compensatory hyperfiltration in the remaining healthy nephrons irrespective of the etiology of the kidney damage or physiological demand [6, 14] . This nephron adaptation allows for the continued clearance of plasma solute, so that serum creatinine increases only after 50% of nephrons have been lost. Thus, in a patient with intact RFR, if the insult creates a damage in less than 50% of the nephrons (hypothetically a monolateral ischemia), the syndrome may remain subclinical even if the exposure is remarkable. If part of the RFR is lost due to nephron loss in subsequent insults, the patient will display an increase in susceptibility and he may develop AKI even in the presence of an exposure of limited severity. In this framework, RFR is a good parameter to evaluate a patient's susceptibility to develop AKI ( fig. 3 , 4 ) .
There is a lot of debate on how to define recovery after an acute insult. In 2004, the Acute Dialysis Quality Initiative Group [15] defined recovery as complete if the patient's level returns to within 50% of baseline serum creatinine, and partial when the patient is off renal replacement therapy but he does not attain 50% of baseline serum creatinine. No recovery was defined as persistent need for renal replacement. However, these definitions do not consider the possible role of RFR in the final evaluation of recovery. Even if creatinine levels and GFR return to baseline values, a significant reduction in RFR may have occurred and this will expose the patient to an increased susceptibility to AKI in case of future exposure ( fig. 5 ). It has been proven that AKI may lead to nephron loss [6] ; subsequently, creatinine and GFR may return to normal displaying an apparent complete recovery. In fact, the recovery may not be complete since the kidney utilizes part or whole RFR to maintain its normal function in spite of nephron loss. The association between AKI with incomplete recovery or absence of recovery and CKD has been identified recently [16] . Today, we should also consider the possible association of CKD with a reduction in RFR even if there is an apparent complete recovery. This situation is well described by the concept of subclinical AKI. Recent studies demonstrated that even AKI with apparent full recovery confers an increased risk for subsequent CKD development [16] . Risk prediction models have been developed and require further refinement and validation. The ability to identify patients with AKI recovery at high risk of developing CKD is an important clinical and research goal, which can be achieved by the assessment of RFR [16] ( table 2 ) .
Conclusion
GFR is not a fixed function and it may increase in healthy subjects in response to different stimuli. This capacity to increase the level of function depends on an intact nephron mass and describes RFR. Thus, baseline GFR does not describe the entire functional capacity of the kidneys and a stress test is required to quantify the functional reserve of the organ. At the same time, even if a complete recovery after AKI is observed, a significant nephron loss may have occurred with a consequent reduction in RFR. In this case, the stress test is the only possibility to unveil incomplete recovery and initial progression towards CKD. Based on the susceptibility/exposure model, we might speculate that more than 80% of AKI is occurring in predisposed individuals with reduced RFR, and they should therefore be defined as 'acute on chronic kidney injury'.
In conclusion, a kidney stress test devoted to assess RFR may be useful (a) To assess and prognosticate a silent renal disease in high-risk groups, e.g., hypertension, diabetes mellitus, polycystic kidney disease, solitary kidney, and CKD, or in patients facing an aggressive intervention and dangerous exposures. If RFR is intact, an insult may remain subclinical and never displays a reduction in GFR since baseline GFR will not change. In case of a clinically evident AKI, a reduction in baseline GFR will become evident. In both cases, even if GFR returns to normal, recovery of renal function may be complete or partial. Complete or partial recovery will be documented by the assessment of RFR by a stress test. In case of partial recovery and reduced RFR, the kidney may result more susceptible to further insults and develop clinically evident AKI even in the presence of a mild exposure. A progressive defective repair will then progress towards CKD. (b) To evaluate living kidney donors to make sure no problem will occur to the donor and the recipient after transplantation.
(c) To make a clinical risk assessment in individuals undergoing high-risk surgeries, e.g., cardiac surgery, contrast imaging techniques, or other exposures ( fig. 3 , 4 ) [16] .
(d) To evaluate the level of recovery after AKI. More studies in different cohorts and stages of the population are required to more clearly understand the long-term benefits of assessing RFR. A better and refined technique has to be developed in order to make RFR assessment easier and practical in clinical routine.
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